Research on molten salt reactor (MSR) neutronics continues in Research Centre Rez (Czech Republic) with experimental work being conducted using fluoride salt that was originally used in the Molten Salt Reactor Experiment (MSRE). Previous results identified significant variations in the neutron spectrum measured in LiF-NaF salt. These variations could originate from the fluorine description in current nuclear data sets. Subsequent experiments were performed to try to confirm this phenomenon. Therefore, another fluorinerich compound, Teflon, was used for testing. Critical experiments showed slight discrepancies in C/E-1 for both compounds, Teflon and FLIBE, and systematic overestimation of criticality was observed in calculations. Different nuclear data libraries were used for data set testing. For Teflon, the overestimation is higher when using JENDL-3.3, JENDL-4, and RUSFOND-2010 libraries, all three of which share the same inelastic-to-elastic scattering cross section ratio. Calculations using other libraries (ENDF/B-VII.1, ENDF/ B-VII.0, JEFF-3.2, JEFF-3.1, and CENDL-3.1) tend to be closer to the experimental value. Neutron spectrum measurement in both substances revealed structure similar to that seen in previous measurements using LiF-NaF salt, which indicates that the neutron spectrum seems to be strongly shaped by fluorine. Discrepancies between experimental and calculational results seem to be larger in the neutron energy range of 100-1300 keV than in higher energies. In the case of neutron spectrum calculation, none of the tested libraries gives overall better results than the others.
Introduction
Results presented in this work are a part of GEN IV reactor research carried out in Research Centre Rez. Since 1996, reactor physics experiments performed at LR-0 reactor have supported research of reactors with coolant and/or fuel in the form of fluoride salts (fluoride high-temperature reactors [FHRs] and molten salt reactors [MSRs] ). Discrepancies between criticality calculations and experiments were discovered during re-evaluations of EROS experiments in cases with core configurations containing LiF-NaF salt (40 mol% LiF and 60 mol% NaF with natural Li, referred to as FLINA hereinafter) and a combination of FLINA and graphite. Therefore, some of these experiments were repeated to confirm the results. The elemental parts of graphite and fluorinated salts were investigated using integral experiments during 2014 and 2015. Thorough analysis showed that the discrepancies between calculation and experiments in cases with graphite insertions were within 1 r uncertainty interval in terms of criticality . Similar results were also obtained for experiments with FLINA insertion. Experimental uncertainties were reduced by repeating experiments many times and by having a well-characterized core. These assurances enabled acceptance of the experiments as a benchmark into the IRPhEP database in 2017.
Critical experiments provide an integral measure to assess parameters of interest, so even if the comparison of calculation and measurement of this parameter gives correct results, some discrepancies might eventually be present in neutron spectrum rates or reaction rates. Effects of the fast neutron spectrum in the empty (void) experimental channel were studied and analyzed previously by Košťál (Košťál et al., 2015) . For an experiment using a graphite insertion, it was found that discrepancies in calculation results divided by experimental results (C/E) did not exceed 7% in all energy groups. This value was better than the result obtained when the measurement was taken in the void channel with no material insertion, where the discrepancies were as high as 13%. More pronounced discrepancies are apparent from measurement in FLINA salt, where the C/E -1 comparison can differ by 40% for specific energy regions. Influence of the FLINA salt on criticality was studied by Losa , with the conclusion that the 6 Li(n,t) reaction data can have a significant reactivity impact. Additionally, description of 19 F(n,elastic) reaction could have some impact.
Fluorine-rich compounds were selected for use in further study of the nuclear properties of these substances through neutron spectrum measurement and analysis. Teflon contains a substantial amount of fluorine bound in CF 2 molecules, is readily available, and is compatible with the LR-0 experimental water-moderated reactor in terms of nuclear safety. Based on well-known carbon properties in the LR-0 reactor in the form of graphite Košťál et al., 2015) , it was thought that potential discrepancies using Teflon insertions could be due to the properties of fluorine bound in CF 2 molecules. Based on the analysis of this simple compound, more complex materials with fluorine can be studied. Fluorinated salt LiF-BeF 2 (FLIBE) was originally used in the coolant circuit of the Molten Salt Reactor Experiment (MSRE) operated at the Oak Ridge National Laboratory (ORNL) in the United States. FLIBE is a sample of a real material intended for use in advanced reactors and was obtained (US DOE, 2013A) within the framework of a cooperation between Czech Republic and the United States, covered by a memorandum of understanding signed in 2011 (US DOE, 2013B).
Methodology of experiments and calculations
The influence of fluorinated materials on reactivity has been assessed in a relative manner by comparing the experimentally determined critical states and corresponding calculations (C/E -1). Critical experiments were carried out in the benchmark core of the LR-0 reactor (see Fig. 1 ) , and calculations were performed in MCNP6.1 code (Goorley, 2012 ) using different nuclear data libraries. The cross section sensitivity analysis was performed using TSUNAMI from the SCALE 6.2 software package (Rearden and Jessee, 2016) .
Experimental setup -criticality
Neutronic experiments were performed in the zero power light water research reactor LR-0, with benchmark core composition (see Fig. 1 ). The benchmark core for insertion material experiments consists of six fuel assemblies, each with a nominal enrichment of 3.3%. The fuel assemblies have similar construction to VVER-1000 fuel except for a major difference in the fission column length (active length 126 cm in LR-0 vs. more than 350 cm in VVER-1000). They are arranged in a hexagonal lattice with a pitch of 23.6 cm. A dry channel for material insertion experiments is located in the core centre and has a hexagonal section fitting into the lattice position.
In the shutdown state, the reactor does not contain any moderator. Criticality of the core containing the material insertion is reached by moderator addition, slowly pumping water into the reactor vessel. Differences in reactivity due to inserted materials are thus reflected by differences in the critical moderator level in different experiments. Precise moderator level measurement enables criticality to be determined with an uncertainty on the order of a few tens of pcm. All control rods are fully removed from the core during these benchmark experiments, so the control rods are only used for reactor shutdown.
FLIBE insertion occurs using a solidified melt in a stainless steel (X5CrNi18) canister. Its shape is suited for neutron spectrum and fission rate measurement in the salt. The canister (Fig. 2) is filled with 27.54 kg of salt with a density of 1.95 g/cm 3 . The salt contains lithium that is highly depleted in 6
Li. The height of the salt column in the canister is 52 cm, so the salt occupies approximately 87% of the available volume in the canister.
The Teflon insertion has a cylindrical shape with a central cavity for the detectors of the neutron spectrometric system. The cylinder . The entire cylinder is positioned at the aluminium base to fix the beginning of the insertion at the same level as the beginning of the fuel fission column. No cladding is needed because Teflon is nontoxic and inert.
Experimental setup -neutron spectrometry
The fast (high energy) region of the neutron spectrum was measured by the method of recoiled protons in two energy ranges: 0.1-1.3 MeV with fine group structure (40 groups per decade), and 1.2-10 MeV with coarse structure (0.1 MeV-wide energy groups). The measurements in fine groups were taken with hydrogen proportional detectors, while a stilbene detector was used in coarse groups.
Hydrogen proportional detectors (HPDs)
Neutron spectra in the energy interval of 0.1-1.3 MeV were measured using an analogue spectrometer (multichannel pulse height analyser) and nuclear electronics for detector signal processing. The system with two spherical proportional detectors with different hydrogen gas filling 400 kPa (energy interval 0.1-0.8 MeV) and 1000 kPa (energy interval 0.2-1.3 MeV) was used. The spherical, angle-independent detector manufactured in IBJ Swierk (Otwock, Poland) was used. Deconvolution of measured recoil proton spectra was performed using the differentiation method with theoretical and experimental corrections of response functions. The shape of the input neutron spectrum above the upper energy threshold of the proportional detector, measured using the Stilbene detector system, was used to correct the higher energy neutrons effect. More information about the methodology can be found in literature from Jansky and Novak (Jansky and Novak, 2014) .
Stilbene detector
Neutron spectra in the 0.8-10 MeV energy range were measured with a Stilbene scintillator (10 Â 10 mm) with neutron and gamma pulse shape discrimination. The two-parameter spectrometric system FD-111 (Veškrna et al., 2014) is fully digitized and capable of processing up to 100,000 impulses per second in full energy range. The input signal from the photomultiplier was divided into two branches in the amplifier. Each branch was individually amplified and digitized by separate analog-to-digital converters. This different amplification increased the dynamic range of particle energies so that the spectrometer could process and increase the signal-to-noise ratio. Two fast analog-to-digital converters working on the sampling frequency of 1 GHz were used, and the digital signal processing was implemented in a fieldprogrammable gate array. Therefore, all data flow could be processed from both analog-to-digital converters without any dead time. Pulse shape discrimination was realized by the integration method, which compared the area limited by a trailing edge of the measured response with the area limited by the whole response. Deconvolution of recoiled proton spectra was performed using maximum likelihood estimation (Cvachovec et al., 2008) .
Calculations -MCNP
For criticality and neutron spectrum calculations, an LR-0 model has been analyzed using MCNP6.1 with data from various nuclear libraries (ENDF/B-VII.1, ENDF/B-VII.0, JEFF-3.2, JEFF-3.1, JENDL-3.3, JENDL-4, RUSFOND-2010, CENDL-3.1). The older versions of libraries (ENDF/B-VII.0 and JEFF-3.1) are used for comparison with older data and data from benchmarks. Different data libraries were used only for definition of the material insertion; the definition of fuel, moderator, and structural materials is fixed in ENDF/B-VII.0 to suppress the other possible effects to criticality (e.g. from fuel) that are not being investigated in this study. ENDF/B-VII.0 is approved by the national regulator for use in performing licensing calculations at LR-0. The free gas model was used for thermal neutron scattering treatment in case of FLIBE, TEFLON, and stainless steel canister description, and the photo-neutron production is switched off in the physical model.
The isotopic composition of Li used in FLIBE salt was not verified yet, so a parametric study investigating the influence of 6 Li content in the salt on system reactivity was performed as shown in Table 1 . Literature about salts form in MSRE (Shaffer, 1971) states that the 6 Li concentration should not be higher than 50
ppm. For the purposes of parametric study, 100 ppm was taken as the limit. Otherwise, the 6 Li content is neglected in the MCNP models, as it was shown that the possible reactivity influence in this concrete experiment is small ) (see Table 1 ). The possible reactivity impact is reflected in broadened uncertainty interval. This study gives also insight into the possible influence of impurities in the salt, which can be effectively expressed in terms of 6 Li equivalent. Also the uncertainty in the LiF and BeF 2 ratio in the salt was studied and the related uncertainty appears to be in order of 10 pcm per 1% change in this ratio. The standard benchmark LR-0 model ) was used for calculations. Criticality calculations with 20,000 neutrons per generation and 100,050 (100,000 active and 50 inactive) generations yielded results with a standard deviation of 0.00002 in k eff . These settings were chosen to obtain a statistical uncertainty of 10% or less in the energy group 9.9-10 MeV in order to aid the fast neutron spectrum evaluation. Experimental uncertainty estimation was performed by the standard ICSBEP methodology (Dean, 2008) using parameter perturbations. Parameters used to express uncertainty in criticality can be found in Table 2 . More details about these parameters can be found in LR(0)-VVER-RESR-003 CRIT benchmark evaluation. The largest factors contributing to the total uncertainty are directly connected with fuel definition: 234 U content, lattice pitch and fuel cladding thickness.
234
U was found as the largest contributor to the total uncertainty. The exact content of 234 U is not known for the LR-0 fuel and thus it was estimated from the knowledge of composition of other fuel type from the same producer. The effects of assumed uncertainties in material insertions are mostly marginal. It is assumed that the uncertainties have uniform distribution and are independent. Total uncertainty is thus expressed by the ''square root of sum of squares" rule (see Table 3 ).
Calculations -SCALE
Sensitivity and uncertainty (S/U) calculations were performed using SCALE/TSUNAMI-3D/TSUNAMI-IP and TSAR (Rearden and Jessee, 2016; Perfetti et al., 2016) with ENDF/B-VII.1 continuous energy (CE) cross sections (Chadwick et al., 2011) . Simplified two-dimensional (2D) and detailed three-dimensional (3D) models of the LR-0 reactor were developed in SCALE. The lower plate and grid spacers were homogenized, but all other key core features (e.g. fuel pin geometry and water moderator height) were modeled explicitly. The detailed 3D models agree well with draft benchmarks intended for the International Reactor Physics Experiment Evaluation (IRPhE) Project handbook and other LR-0 references Košťál et al., 2016) . S/U analyses performed for a configuration that models September 2016 LR-0 experiments using MSRE FLIBE salt identified the top contributors to eigenvalue bias due to nuclear data, with a specific focus on saltspecific contributions, including fluorine.
Results

Comparison of calculations and experiments: criticality
Critical levels of experiments with the Teflon cylinder and the FLIBE canister are summarized herein, and other relevant benchmark results are presented in Table 4 . Different critical levels indicate the influence of inserted materials on the neutron balance in the reactor core. Even though the FLIBE salt with Li depleted in 6 Li isotope acts as a moderating material, the critical level remains rather high. The stainless steel casing of the canister is responsible for the high level of moderator in the case with FLIBE salt. The critical level of the core with an empty canister of the same construction was measured, as well. In Case 15 , the benchmark experiment with FLINA salt using natural Li required a critical moderator level that was significantly higher than in other experiments due to increased neutron absorption in Results of the experiment with Teflon insertion show acceptable agreement with calculations in the benchmark model for all nuclear libraries used in this work. The calculation using ENDF/B-VII.0 reproduces the result of void channel (Case 1) extremely well and is therefore considered as a reference. Slight systematic discrepancies (overestimation) can be seen when using JENDL-3.3, JENDL-4, and RUSFOND-2010 libraries. These libraries use different ratios of inelastic and elastic scattering than ENDF/B-VII.0, JEFF-3.1, and CENDL-3.1 . Values in criticality are graphically shown only for older versions of ENDF/B-VII and JEFF libraries (ENDF/B-VII.0 and JEFF-3.1), because differences between results for newer versions (ENDF/B-VII.1 and JEFF-3.2) are only statistical (stochastic) in nature. The complete results can be found in Table 5 . Larger variations of C/E-1 comparison can be observed when using the FLIBE salt provided by ORNL; systematic overestimation can be observed using all data libraries. This overestimation is not explained by the fact that the residual concentration of 6 Li was neglected in the MCNP model. A parametric study on 6 Li content shows that the configuration is not sensitive to 6 Li in ranges expected for the residual concentration in the salt. This insensitivity is caused by the stainless steel canister itself, which is already causing a significant amount of thermal absorptions. The same statement is valid for possible salt contaminants causing absorptions in thermal spectrum. However, the real content of 6 Li in the salt is an important factor in the future assessment because this isotope largely influences the criticality of thermal reactors through (n,t) reaction, which has a very high cross section at thermal neutron energies. Precise isotopic definition of FLIBE salt by means of mass spectroscopy methods is currently under investigation. Experiments with an empty canister show that the structure in the reactor core introduces a discrepancy reactivity defect of 134 pcm. Fluoride salt addition reduces reactivity by an additional 90 pcm. Assessment of libraries concerning the inelastic to elastic scattering ratio on fluorine shows that the JENDL and RUSFOND libraries tend to overestimate reactivity for LR-0 experiments, as also observed in the case of Teflon (see Fig. 4 ).
Comparison of calculations and experiments: neutron spectrum
Neutron spectrum measurements supplemented the critical experiments. The fast part of the neutron spectrum is not influenced by uncertain concentration of highly absorbing isotopes in thermal spectrum ( 6 Li content). The neutron flux densities in FLIBE salt and Teflon are presented for energies between 0.1 and 1.3 MeV measured by hydrogen proportional counters (Fig. 5) and for energies over 0.8 MeV measured by Stilbene (Fig. 7) . The direct comparison between experimental and calcu- The most significant discrepancies can be found in region 0.1-0.5 MeV. Similar discrepancies were reported by previous work where the neutron spectrum in LiF-NaF was measured (Košťál et al., 2015) and the discrepancies were assumed to reflect the incorrect description of fluorine.
The current neutron spectrum measurement appears to verify the assumptions made in previous work. Comparison of the shapes of C/E-1 in different energy ranges (Fig. 6 and Fig. 8 ) show that they are very similar for Teflon and FLIBE, the observed discrepancies could be attributed to inaccuracies in fluorine description by nuclear data libraries since fluorine is present in both of these materials and other experiments without fluorine do not exhibit discrepancies. The effects of using various libraries on calculation results for FLIBE salt are presented below in Fig. 9 and Fig. 10 . Notable discrepancies between calculations using all libraries and experiments are observable in the region 0.1-1.3 MeV. Two trends related to the nuclear data description of elastic and inelastic scattering on 19 F are observable. These trends were also described in earlier measurements (Košťál et al., 2015) . Influence in library differences is dampened in measurement in higher energies, and the discrepancies are not as dramatic as in lower energies.
Results from S/U analyses
S/U analyses of LR-0 with MSRE FLIBE salt in the insertion zone aimed at determination of similarity of the cores containing different fluorinated compounds and investigated the energy-dependent sensitivity of k eff to several nuclides. Table 6 shows the correlation coefficient indices (c k ) showing that from the point of view of cross sections, the cores Case 1, Case 15, Teflon and FLIBE are almost identical. The similarity index of empty core (Case 1) and the core with FLIBE insertion is in the same order as the similarity index between the case with FLIBE insertion and Teflon insertion. The core with empty channel is almost identical to the core with Teflon insertion. This implies that these small cores are rather identical from the point of view of inserted material. Fig. 11 shows the sensitivity per unit lethargy for 7
Li and 19 F total cross sections over a full neutron energy range. Fig. 12 focuses on neutrons in the energy range of 0-1.4 MeV neutrons based on the C/E results presented in Fig. 6 . Assessments of whether discrep-
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1. ancies between experimental measurement and flux calculation (Fig. 6 ) line up with nuclear data sensitivities (Fig. 12 ) are complicated by the fact that the sensitivities are to k eff of the system while flux measurements are in the local salt insertion zone. Though it is difficult to directly determine a single most important source of error by comparing discrepancies in the C/E results to those in the S/U results, the S/U results appear to show that 19 F has relatively high sensitivity in the energy regions in which C/E results differ the most; however, 19 F also has high sensitivity in other energy regions in which the C/E results show good agreement between experiments and calculations. The SCALE TSAR tool was used to obtain more pronounced sensitivity profiles in two ways. In the first calculation, Case 1 (empty central channel) was taken as a reference core for replacement analysis and subsequently this was filled by FLIBE and Teflon insertions to observe their influence. Table of top 10 reaction sensitivity coefficients integrated over the energies and model volume is shown in Table 7 . The largest sensitivity of the k eff in both cases In the second type of comparison, the TSAR methodology was applied to the core with FLIBE insertion, which was replaced by Teflon insertion. Results (see Table 8 ) show again large sensitivity on hydrogen and 56 Fe; elastic scattering on fluorine occupies again the fourth position before oxygen.
Conclusions
Experimental work with fluorine-rich compounds, including original MSRE salt, is a logical step toward validation of calculational tools (computer codes) and methodologies for analysing and evaluating fluoride salt systems. Critical experiments with Teflon provided results with discrepancies similar to the benchmark reference configuration with void channel (Case 1). However, systematic differences are clearly observable between two groups of nuclear data libraries, differing by description of inelastic and elastic scattering. The suggested conclusion is that the ENDF/B-VII.1, ENDF/B-VII.0, JEFF-3-2, JEFF-3.1, and CENDL-3.1 libraries give results closer to the benchmark reference than the other three libraries investigated (JENDL-3.3, JENDL-4, and RUSFOND-2010), which systematically overestimate reactivity by approximately 90 pcm.
This systematic deviation between library sets is slightly suppressed in critical experiments with FLIBE salt, where all nuclear data libraries are 220-240 pcm off compared to the experiment, except the CENDL-3.1 library, which is substantially closer to the reference. A critical experiment with an empty canister shows that the canister material (stainless steel) used for FLIBE experiments introduces substantial discrepancy. If this is taken into account, discrepancies in the results of the critical experiment with FLIBE salt would be very close to those of Teflon.
Neutron spectrum measurement confirmed notable discrepancies between experiment and calculation in the case of fluorinated compounds, as observed in previous experiments. There is a very high probability that these discrepancies are caused by inaccuracies in 19 F cross section description. This conclusion is in agreement with previous results. Nuclear data libraries used for calculations can be divided into two groups according to the inelastic to elastic scattering ratio description Košťál et al., 2015) , but based on the neutron spectrum measurement (conversely to the criticality), none of these libraries provides better results than the others. Sensitivity analysis made by SCALE 6.2 software utilizing TSUNAMI-3D/TSUNAMI-IP and TSAR methodology shows that elastic scattering on fluorine plays very important role in case of MSR reactor studies. The neutron spectrum measurements in different fluorinated insertions showed that the fast part of the spectrum (over 100 keV) is shaped by interactions on fluorine. 
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